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Abstract
Recent discoveries from this lab have demonstrated that activation of alpha7 nicotinic
acetylcholine receptors (α7 nAChRs) on retinal ganglion cells (RGCs) in the retina is linked to
neuroprotection of RGCs that are typically lost in glaucoma-like conditions. Various chemical
agents have been produced to increase overall neurotransmission of ACh from cholinergic
neurons. DMP-543 is an agent that increases calcium release from cholinergic synaptic
terminals. Donepezil is an acetylcholinesterase inhibitor that inhibits the breakdown of ACh in
the synaptic cleft, prolonging ACh’s effect. In this study, the neuroprotective activity of these
two agents was analyzed at the synapse between starburst amacrine cells and RGCs in adult
Long Evans rats to determine if these agents can prevent the loss of RGCs associated with
glaucoma. Glaucoma-like conditions were induced in-vivo via hypertonic saline injection into the
episcleral vein of adult Long Evans rat eyes. Experiments were designed to induce glaucoma in
both eyes of adult Long Evans rats. The right eye was also treated with eye drops containing
various concentrations of DMP-543 or Donepezil while the left eye was untouched to serve as
the internal control. RGC survival in a flat-mounted retina was quantified after immunostaining
with an antibody against Thy 1.1 using a Nikon confocal microscope and ImageJ software.
Neuroprotection against RGC loss occurred if 10 µM DMP-543 was applied to adult rat eyes and
may also occur with the use of 100 µM DMP-543 and 10 µM Donepezil. Results supported the
hypothesis that eye drop application of these agents can prevent glaucoma associated RGC loss
in the mammalian retina and may have greater implications regarding other diseases involving
ACh deficits and α7 nAChRs.
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Introduction
Anatomy and Physiology of the Eye

In order to understand the way in which glaucoma affects ocular functioning, it is
important to be familiar with the anatomy and physiology of the eye. The human eye is settled in
a bony socket within the skull. Eyelashes, eyelids and six extraocular muscles work with one
another to protect the eyeball from the environment, functioning to sense debris, change visual
direction, divert sweat, protect from intense light and more (Lens et al., 1999). The interior eye is
fluid-filled and enclosed by three tissue layers. The posterior aspect of the most superficial layer
is called the sclera and is a tough connective tissue casing. The cornea is the anterior extension of
the sclera, and the transparent surface that light rays pass through. The cornea accounts for twothirds of ocular focusing power (Lens et al., 1999).

The medial layer is composed of the choroid, ciliary body and iris. The choroid contains
many blood vessels that are responsible for nourishment of the retina’s photoreceptors (Lens et
al., 1999). Anterior specialization of the choroid form the ciliary body and iris. A network of
capillaries within the ciliary body produces aqueous humor, a clear and viscous fluid that
provides oxygen and nutrients to the anterior part of the eye and plays a major role in the
development of glaucoma. The iris is a pigmented smooth muscle and its appearance is unique to
each individual, providing distinct color to the human eye. Light passes through the circle
produced by the iris in order to enter the eye’s interior, and muscle contraction and relaxation
dictates how much light may enter (Sherwood et al., 2013). Figure 1 illustrates the broad
anatomy of the eye described here.

Ameel 4

Figure 1
Anatomy of the human eye. (Image adapted from Health Life Media at
http://www.healthlifemedia.com)
The Retina

The most interior tissue layer, covering the internal posterior portion of the eye, is called
the retina. The retina is comprised of a number of specialized cells, beginning with rod and cone
photoreceptors. These cells initiate all of the retina’s visual responses as they are the only cells
sensitive to light (Dowling et al., 1987). The remaining retina is made up of four different types
of nerve cells including horizontal, bipolar, amacrine, and ganglion cells. The retina is divided
into layers that house specific cell types and information from light travels through these layers
after phototransduction has converted photons of light into electrical signals. Rod and cone
photoreceptors absorb light photons, initiating visual processing. Rods are physiologically more
capable of working in dim light as they can detect even a single photon, whereas cones lack such
sensitivity (Kefalov, 2011). When exposed to light, rods and cones hyperpolarize to prevent
release of the neurotransmitter, glutamate. The pigment rhodopsin, found in photoreceptor cells,
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is activated by light causing a cascade that converts cGMP to GMP, closing membrane sodium
pores and hyperpolarizing the rod or cone cell. Because photoreceptors continually release the
neurotransmitter glutamate in dark environments, light induced hyperpolarization reduces this
release causing different reactions from various bipolar cells on which the rods and cones
synapse (Schwartz, 1999).

Two types of bipolar cells exist in the retina, playing a role in information processing
through this tissue layer. The first are called on-center bipolar cells, and glutamate is inhibitory
to these cells upon contact with their metabotropic glutamate receptors. Therefore, reduction in
glutamate release will cause cell excitation. In the presence of light, these bipolar cells are the
predominantly active bipolar cells. Off-center bipolar cells, on the contrary, have ionotropic
glutamate receptors and an excitatory response to this neurotransmitter. Thus, these cells are
inhibited when the amount of glutamate released diminishes and are dominant in mostly dark
environments (Hack et al., 1999; Schwarts, 1999). Stimulated bipolar cells transmit signals to
retinal ganglion cells (RGCs) via glutamate release at their post-synaptic terminal. Kainate
receptors on mammalian RGCs are chiefly responsible for binding glutamate, causing RGC
depolarization and further signal transduction (Massey and Miller, 1987). Horizontal and
amacrine cells act to increase surround inhibition and contrast for the main light pathway through
the retina.

RGCs undergo the final action of retinal processing. When RGCs are depolarized, signals
travel along RGC axons, which come together in the optic nerve, and action potentials continue
into the brain. When the optic tract reaches the lateral geniculate body, the visual relay center in
the thalamus, retinal fibers synapse with visual neurons that transmit signals to the occipital
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visual cortex. Here, visual information is interpreted (Lens et al., 1999). In addition to bipolar
cells, RGCs receive electrochemical signals, both excitatory and inhibitory, from starburst
amacrine cells and other RGCs (Sucher, 1995). Although glutamate is the primary
neurotransmitter of the vertebrate retina, starburst amacrine cells utilize the neurotransmitter
acetylcholine (ACh). RGCs receive this cholinergic input via two distinct ACh receptors, one
muscarinic and known to activate second messenger systems within the retina, and the other
nicotinic (nAChRs). nAChRs are involved in the depolarization of RGCs, as the binding of ACh
has been shown to open non-specific cation channels that allows influx of sodium and calcium
(Iwamoto et al., 2013). These receptors are highly important for the basis of this research. Figure
2 shows the retinal organization of these previously discussed cells.

Figure 2
Retinal cell layers (Image adapted from The Retina Reference at
http://www.retinareference.com/anatomy/). The square box represents the optic nerve head
where RGC axons emerge from the eye.
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Excitotoxicity and Glaucoma

Glaucoma is a neurologically degenerative retinal disease that produces a continual loss
of RGCs, causing damage to the optic nerve, and leading to vision loss or even blindness. At this
point in time, over 3 million Americans have glaucoma and it is the second leading cause of
irreversible blindness in the world (Glaucoma Research Foundation). Glaucoma has long been
primarily associated with insufficient drainage of aqueous humour due to an anterior chamber
pigmentary disease, increasing intraocular pressure (IOP) which results in RGC death
(McKinnon et al., 2009). The vast majority of current treatment involves the reduction of IOP by
decreasing aqueous humour production or accelerating fluid drainage via the trabecular
meshwork (Mata et al., 2015). Recent research has suggested that glutamate-induced
excitotoxicity is likely responsible for RGC programmed cellular death, or apoptosis in
glaucoma. Elevated concentrations of glutamate within the vertebrate retina, due to an increase
of IOP, causes excess influx of non-specific cations into RGCs, creating a toxic cellular
environment. As a result, RGCs undergo apoptosis and degenerate within the ganglion cell layer
(Brandt et al., 2011).

Neuroprotection

The term neuroprotection is used to explain mechanisms that protect neural tissue from
degradation. In the case of this study, neuroprotection is regarding the interruption of RGC loss
that is characteristic in glaucoma. As it was previously mentioned, nicotinic acetylcholine
receptors (nAChRs) on RGCs in the vertebrate retina play a role in depolarization and relaying
light information in the retina. One specific subtype of nAChRs, α7 nAChRs, has been
experimentally linked to mediating the process of RGC neuroprotection from glutamate-induced
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excitotoxicity and has been shown to provide neuroprotection in a rat glaucoma model (Iwamoto
et al., 2014; Mata et al., 2015). Acetylcholine, as well as ACh agonists, have been shown to
prevent the loss of RGCs typically associated with glaucoma by activating α7 nAChR receptors
on RGCs.
One specific α7 nAChR agonist in particular, PNU-282987, has been used to show the
relationship between receptor binding and neuroprotection. After inducing glaucoma-like
conditions in adult Long-Evans rats, application of PNU-282987 yielded significant preservation
of RGC in comparison to an untreated glaucoma model (Mata et al., 2015). The research
presented in this current study is designed to discover the neuroprotective abilities of two other
neuropharmacological agents, Donepezil and DMP-543, which affect the neuroprotective role of
ACh at the starburst amacrine cell to RGC synapse. These agents are hypothesized to hinder
RGC death associated with glaucoma by different physiological means.

Donepezil and DMP-543

DMP-543 is an acetylcholine release enhancing agent that is expected to act on starburst
amacrine cells in the vertebrate retina, as starburst amacrine cells are the only source of ACh in
the retina. This neuropharmacological agent was originally developed for the treatment of
Alzheimer’s disease. By blocking M-type potassium currents that work to repolarize neuronal
membranes, DMP-543 increases intracellular Ca2+ in the presynaptic terminal, causing increased
ACh release (Pesti et al., 2000). Increasing the release of ACh by starburst amacrine cells is
hypothesized to increase RGC α7 nAChR activation, thus acting neuroprotectively on RGCs.

Ameel 9
Acetylcholinesterase is an innate enzyme responsible for the immediate hydrolysis of
ACh in post synaptic membranes, limiting the effect at nAChRs in various central and peripheral
nervous system pathways. Donepezil is one of few approved reversible acetylcholinesterase
inhibitors produced by various pharmaceutical companies also for the treatment of Alzheimer’s
disease (Colivic et al., 2013). Consequently, Donepezil’s inhibition of this enzyme in RGC’s
membrane is hypothesized to cause the ACh released from starburst amacrine cell to have an
extended neuroprotective effect on glaucomatous retinas.

In this study, both neuropharmacological agents will be evaluated for their
neuroprotective abilities to prevent the loss of RGCs typically associated with glaucoma. Results
from these preliminary studies have suggested that both Donepezil and DMP-543 can decrease
RGC mortality typically associated with glaucoma.

Retinal ganglion cell

Figure 3
This figure illustrates the organization of retinal cells and the specific synapse between starburst
amacrine cell and retinal ganglion cells. ACh released from the starburst amacrine cells onto α7
nAChRs on RGCs has been linked to neuroprotection in the vertebrate retina (Iwamoto et al.,
2014; Mata et al., 2015).
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Methods and materials
Animal Model

This study utilized 16 adult Long-Evans rats, between the ages of three and six months,
in an in-vivo glaucoma model. All rats were housed in the Western Michigan University animal
facility throughout the duration of this research. All procedures, handling and care of these
animals were in accordance with the Institutional Animal Care and Use Committee (IACUC) of
Western Michigan University. All individuals handling these animals were previously trained in
understanding and following IACUC rules and regulations.

Glaucoma-Inducing Surgery

To surgically induce glaucoma in Long-Evans rats, each rat was first weighed and
anesthetized with a 0.1 mL/100 g KAX solution. KAX injections were intraperitoneal and each
animal was then monitored until no reflexes could be observed. KAX cocktail solution consists
of 5 mL of ketamine (100mg/mL), 2.5 mL of xylazine (20mg/mL), 1 mL of acepromazine
(10mg/mL), and 3 mL of sterile water. Procaine hydrochloride, a topical anesthetic, was applied
to the cornea before the glaucoma-inducing injection. Once fully anesthetized, injections were
made into the episcleral vein of the eye, after a hemostat clamp was used to pinch the bottom of
the eyelid, which acted to bulge the eye from the eye socket. Under a dissecting microscope,
50µL of 2 M hypertonic saline (NaCl) was injected into the episcleral vein using a glass
microneedle, 3µm to 5µm in diameter, which was pulled using a Narishige vertical electrode
puller and then inserted into a 23 gauge needle with the tip filed off. This injection was done by
connecting the microneedle to a piece of tapered polyethylene tubing that was attached to a 1 mL
syringe. The glass needle tip was beveled to allow for easy vein penetration and saline exit flow.
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Blanching in the episcleral vein was indicative of a successfully completed injection. The NaCl
injection caused crystallization in the vasculature, scarring of the trabecular meshwork and
inadequate drainage of aqueous humour from the anterior chamber of the eye. This scarring
mimics the effects of glaucoma as it increases IOP (Mckinley et al., 2012, Schwartz, 1999). In
some cases, multiple injections were made at different points along the episcleral vein to ensure
glaucoma initiation. Rats were observed until fully awake and were then transported back to the
animal facility. This procedure to induce glaucoma-like conditions was completed for both eyes
in animals referred to as DMP 1, DMP 2, DMP 4, DMP 5, DMP 7 and DMP 8. Rats DMP 3 and
DMP 6 only received glaucoma injections in their right eye, leaving the left untouched. DMP 3
and DMP 6 were used to verify glaucoma-inducing effectiveness and allowed comparisons to be
made to completely unaltered retinas. The 8 rats involved in the Donepezil experiment were
surgically treated in the exact pattern, as both experiments were identically manipulated and only
varied by the neuropharmalogical agents used. Figure 4 illustrates the procedure to induce
glaucoma-like conditions in adult Long Evans rats.

Figure 4
This illustration depicts the hypertonic saline injection procedure used to induce glaucoma.
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Drug Application

Previous HPLC studies from this lab have shown that pharmacological agents applied as
eye drops reach the vertebrate retina (Iwamoto et al., 2014). Other research has also indicated
that optimal RGC neuroprotection takes place after drug administration bi-daily for three days
prior to glaucoma inducing surgery and bi-daily for three weeks following surgery (Mata et al.,
2015). Eye drops were given directly to the open Long-Evans rat eye at least 4 hours apart, twice
a day, following this model. In all cases of eye drop treatment, only the right eye was treated
before and after the procedure to induce glaucoma-like conditions. Doing this allowed the left
eye to be used as an internal untreated control in some experiments. For other experiments, the
left eye had the procedure to induce glaucoma-like conditions but did not receive eye drops.
Each neuropharmacological agent that was added as eye drops was tested in three separate
concentrations; 10µM, 100µM, and 1mM. As these studies were done to provide preliminary
evidence of neuroprotection, only two different rats were used for each concentration. As a
result, two rats were used for each pharmacological agent used, namely Donepezil and DMP543, for each of the different concentrations. Table 1 summarizes the experiments performed.
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DMP-543 Treated Rats
Rat Identity Glaucoma Induced in Right Eye Glaucoma Induced in Left Eye Eye Drop Concentration
DMP 1
Yes
Yes
10 µM
DMP 2
Yes
Yes
10 µM
DMP 3
Yes
No
Untreated
DMP 4
Yes
Yes
100 µM
DMP 5
Yes
Yes
100 µM
DMP 6
Yes
No
Untreated
DMP 7
Yes
Yes
1 mM
DMP 8
Yes
Yes
1 mM
Donepezil Treated Rats
Rat Identity Glaucoma Induced in Right Eye Glaucoma Induced in Left Eye Eye Drop Concentration
Don 1
Yes
Yes
10 µM
Don 2
Yes
Yes
10 µM
Don 3
Yes
No
Untreated
Don 4
Yes
Yes
100 µM
Don 5
Yes
Yes
100 µM
Don 6
Yes
No
Untreated
Don 7
Yes
Yes
1 mM
Don 8
Yes
Yes
1 mM

Table 1
This table illustrates all performed experiments.

Isolating and Flat-Mounting Retinas

Four weeks after initiating eye drop treatments, each rat was euthanized using a carbon
dioxide chamber. Both eyes of each animal were then surgically removed by delicately cutting
the soft tissue around the eye and the optic nerve. The eyeballs were placed in a phosphate
buffered saline solution and circumferentially cut under a microscope, separating the anterior and
posterior halves of each eye. After removal of the lens and vitreous humor, the sclera of the
posterior half of the eye was carefully inverted and separated from the retina in one piece using
two forceps. Four slits were made evenly spaced in the periphery of each whole retina, allowing
the retina to lay flat. These retinas were transferred to a sylgard dish and pinned securely with the
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RGC layer facing upward, using miniscule cactus needles. Each retina was fixed in 10%
formalin overnight at 4°C.

The next day, retinas were rinsed three times with PBS, two minutes each rinse, and
permeabilized using 1% Trition-X and 1% fetal bovine serum (FBS) in PBS for 60 minutes.
After this time period, the retinas were rinsed three times with PBS once again, then twice with
0.1% Triton X-100 in PBS, five minutes per wash. After two more PBS washes, retinas were
incubated for 45 minutes in 1% Triton X-100 and 1% FBS in PBS at room temperature in order
to block non-specific binding. After incubation, retinas were rinsed twice, for five minutes each
rinse, using 0.1% Triton-X in PBS before the primary antibody was applied to label RGCs. AntiThy 1.1 is a monoclonal antibody that binds glycoproteins specific to the plasma membrane of
RGCs (Barnstable and Drager, 1984). Previous studies from this lab have determined the optimal
dilution of this mouse anti-rat primary antibody to be 1:300. After two PBS rinsing procedures,
each retina was incubated overnight at room temperature in 2mL of this primary antibody
solution containing 1% BSA in PBS with 1:300 anti-Thy 1.1 antibody.

Following overnight incubation, the retinas were rinsed with 0.1% Triton X-100 in PBS
for five minutes. Then, two more PBS rinses were performed. Finally, each retina was incubated
overnight with 2mL of PBS containing fluorescent secondary antibody, Alexa Fluor 595,
allowing for cell viewing via fluorescent confocal microscopy. The following day, retinas were
washed with PBS and mounted onto microscope slides. Each retina was laid flat on an
individually labelled slide and given 5 drops of 50% PBS and 50% glycerol solution. A cover
slide was placed over the retina and the edges were sealed with nail polish.
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Confocal Microscopy and Quantification

All retinas were individually viewed using a Nikon confocal microscope 4 mm from the
optic nerve head (ONH). By utilizing the microscope’s Z-stack feature, sequences of images
were obtained throughout the entire ganglion cell layer in 0.5 micron increments using the 20x
objective lens. One Z-stack was taken in each of the four quadrants of the retina, produced by the
four slits made for effective flat-mounting, 4 mm from the ONH. Previous studies have indicated
that the greatest loss of RGCs associated with induced glaucoma-like conditions occurs 4 mm
from the optic nerve head (Iwamoto et al., 2014; Mata et al., 2015).

Optic
Nerve
Head

2 mm
Figure 5
Image of the flat mounted retina. Yellow boxes are used to indicate the four areas 4mm from the
optic nerve head where confocal images were obtained.

Z-stack imagery permitted RGC counts to be conducted at different depths of the RGC
layer. For example, if large axon fascicles covered up RGCs, different depth stacks still allowed
viewing and quantification of the RGCs underneath. Each Z-stack was analyzed at all increments
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and all viewable RGCs were counted. For each 2048 x 2048 pixel Z-stack, one representative
500 x 500 pixel square was used for RGC counting. This represented an area 200 µm2 x 200
µm2. Blind counts were conducted by two individuals of each Z-stack, for all four stacks taken of
each individual retina. With 16 rats, two retinas each, and 4 Z-stack images of each retina, a total
of 128 images were quantified. An average RGC count was calculated for an individual retina
that included blind quantifications by each individual of all four images. All RGC counts were
done using Image J software and the count tool application. For each animal, a percentage
difference was calculated between the average counts obtained from the left eye and the right
eye.

Data Analysis

Statistical analysis was only performed on animals that received the procedure to induce
glaucoma-like conditions. RGC counts for these glaucomatous retinas (N=12) were compared to
internal untreated control retinas and significant differences were analyzed using Student T-tests.
A value of p < 0.05 was considered statistically significant. Statistical analysis was not
performed on DMP-543 or Donepezil treated retinas as each experiment was only conducted 2
times.

Results
Inducing Glaucoma-Like Conditions Effect on RGC Loss

To generate the images shown in figure 6, an episcleral vein was injected with hypertonic
saline into the right eye of an adult Long Evans rat to examine the effect of this glaucomainducing procedure on RGC survival. The left eye in these animals was left untreated to serve as
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an internal control. One month after right eye injection, the animals were sacrificed, retinas were
removed and treated as previously described in order to contain fluorescent antibodies against
Thy 1.1 for fluorescent confocal microscopy imaging. Once on slides, visualization was possible
using anti-Thy 1.1 fluorescent labeling of RGCs. The figures below are representative of the
results obtained from these procedures. Figure 6A demonstrates labeled RGCs and surrounding
axon fascicles from an untreated control left eye. Figure 6B reveals an image of labeled RGCs
and surrounding axon fascicles from the right eye of the same rat, which underwent glaucomainducing surgery via NaCl injections to the episcleral vein of the eye.

A

B

Figure 6
Right and left retina confocal images taken from one rat that demonstrate the effect of inducing
glaucoma-like conditions. The left eye, shown in figure 6A, was used as an internal control and
did not undergo surgery. The right eye, depicted in figure 6B, underwent glaucoma inducing
surgery. Single arrows indicate RGCs and double arrows are used to show axon fascicles. Scale
bar represents 50 µm.
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A noticeable and statistically significant loss of RGCs was found in the experimental eye,
one month following hypertonic saline injections. In addition, there is a loss of circularity in the
surviving RGCs and there is axon defasciculation of the main axon bundles after the procedure
to induce glaucoma-like conditions. Average RGC counts in experimental eyes showed an
average of 20.82% (+/- 5/2) (N=12) less RGCs (figure 7), a significant difference from the
internal controls.

120

Total % RGCs

100

*
80
60
40
20
0

Control

NaCl Injection

Figure 7
This bar graph summarizes percent RGC vitality under control untreated conditions and
following episcleral vein injection of NaCl to induce glaucoma-like conditions (N=12). RGC
loss found in NaCl injected eyes was analyzed one month following injection. The control bar
shows RGCs from eyes lacking surgical treatment, normalized to 100%. The bar depicting NaCl
injection shows a significantly lower percentage of RGCs compared to internal controls. Error
bars represent standard error and * represents significant difference from internal control.
Effects of DMP-543 on RGC Loss

As described in the materials and methods section, three concentrations of DMP-543
were added as eye drops bi-daily, in order to assess the neuroprotective ability of the ACh
release enhancing agent. Eye drops were given to each animal’s right eye before and after eyes
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were injected with NaCl to induce glaucoma-like conditions. Four weeks following surgery and
eye drop treatments, rats were sacrificed and their retinas were harvested to be analyzed as
previously stated in the methods section. The results demonstrate that DMP-543 eye drop
exposure had dose-dependent effects on RGC survival.

Figure 8A and 8B are images of retinas taken from the experiment using 10 µM DMP543 drops. Figure 8A demonstrates the effects of hypertonic saline injection, resulting in
glaucoma-like conditions. Figure 8B depicts the opposite retina from the same animal that had
surgery to induce glaucoma, but the eye was also treated for 3 weeks with 10 µM DMP-543.
These pictures were both taken in the same area of each retina. The RGCs shown in the
experimental retina (8B) have a greater density than those seen in the control glaucomatous
retinal images (8A). Also, RGCs in the retina only treated with glaucoma-inducing 2M NaCl
injections (8A) appear to have less defined shape, gaps between one another, and smaller
structures. These physical appearances can be indicative of an apoptotic pathway taking place
causing cell degradation, an expected outcome from glaucoma-induced surgery. Images obtained
from both animals involved in the 10 µM DMP-543 experiment display evidence that a level of
neuroprotection was provided by this agent at this concentration.

Similar results were seen in the two animals used to test the effectiveness of DMP-543
used in eye drops containing 100 µM concentration of the neuroprotective agent, though not to
the degree seen when 10 µM DMP-543 was used (figure 9). However, no neuroprotection of
RGCs was noticeable when analyzing retinal images obtained from animals given 1 mM DMP543 eye drops (figure 9).
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8A. Left Eye - Glaucoma

8B. Right Eye – Glaucoma and
10 µM DMP-543 Treatment

Figure 8
Confocal images were obtained from the retinas of one adult Long Evans rat. Both eyes had
surgery to induce glaucoma-like conditions. Figure 8A shows an image obtained from the
animal’s left eye, 1 month after inducing glaucoma. Figure 8B shows an image from the right
experimental eye that was also treated with 10 µM DMP eye drops. Images were taken 4 mm
from the optic nerve head. Arrow heads point to RGC bodies while double arrows indicate axon
fascicles. The scale bar represents 50 µm.
Quantification of RGC survival differences using different concentrations of DMP-543
can be seen in Figure 9. Studies that induced glaucoma in one eye, demonstrated an average
RGC loss of 20.82% (+/-5.2) (N=12) compared to control untreated eyes from the same animals.
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This represents a significant loss of RGCs due to the procedure to induce glaucoma. Retinas
exposed to 10 µM DMP-543 drops showed an average RGC survival of 105.35% (N=2)
indicating complete neuroprotection against RGC loss that is typically associated with the
glaucoma inducing procedure. As these were preliminary studies, only two animals were used
for each concentration. As such, the N’s were too small to perform statistical analysis on.
However, further studies will use 10 µM DMP-543 as the results of these preliminary
experiments look promising. Retinas exposed to 100 µM DMP-543 drops showed 87.08%
(N=2) of normal untreated RGC levels, or a 7.9% increase in retinal ganglion cells compared to
eyes with surgically induced glaucoma-like conditions that were otherwise untreated. Clearly,
100 µM DMP-543 may also suggest a significant neuroprotective ability. However, retinas
exposed to 1mM DMP-543 eye drops were found to have just 76.43% (N=2) of total RGC
survival, a value very close to that obtained from eyes with only surgically induced glaucoma.
These values indicate that DMP-543 at higher concentrations may be toxic to the RGC layer, or
may have non-specific effects that decrease its neuroprotective ability.
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N=2

*

N=2
N=2

Figure 9
Effect of DMP-543 on RGC survival. Each bar represents the percentage of total RGCs
compared to internal controls. The left two bars represent the difference between control
untreated retinas and retinas that had the procedure to induce glaucoma-like conditions. The
other bars were generated by comparison of RGC survival in glaucomatous retinas versus retinas
from the same animal that had eye drop treatments of DMP-543 as well as the procedure to
induce glaucoma. Error bar represents standard error and the * represents significance from
control untreated conditions. Only 2 DMP treated retinas were obtained for each concentration.
As a result, statistical analysis for the DMP treated retinas was not done.

Effects of Donepezil on RGC Levels
In order to assess the neuroprotective ability of the acetylcholinesterase inhibitor
Donepezil, eye drops were applied using three different concentrations. Eye drops were given
both before and after the episcleral vein of the eyes were injected with 2M NaCl, inducing
glaucoma-like conditions. After four weeks following surgery, including three weeks of bi-daily
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drops, rats were sacrificed and their retinas harvested to be analyzed as described previously.
These preliminary results suggest that donepezil may not have a significant effect on RGC
survival at the concentrations delivered.

Figure 10A and 10B are images of retinas taken from the experiment using 10 µM
Donepezil drops. Figure 10A demonstrates the effects of hypertonic saline injection, resulting in
glaucoma-like conditions. This image was taken from one of the two animals in the RGC layer
of the left eye. Figure 10B depicts the right retina of the same animal, also with surgically
induced glaucoma, but treated for 3 weeks with 10 µM Donepezil eye drops as well. The RGCs
shown in the experimental retina (10B) appear to have slightly greater density of RGCs. Images
obtained from both animals involved in the 10 µM Donepezil experiment suggest there may be
neuroprotection provided by this agent at this concentration, but larger Ns will be needed to
validate these findings.
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10A. Left Eye - Glaucoma

Figure 10. Confocal images were obtained from the retinas of one adult Long Evans rat.
Both eyes had surgery to induce glaucoma-like conditions. Figure 10A shows an image obtained
1 month after inducing glaucoma. Figure 10B shows an image from the right experimental eye
that was also treated with 10 µM Donepezil eye drops. Both images were taken 4 mm from the
optic nerve head from the same retinal region. Arrow heads point to RGC bodies while double
arrows indicate axon fascicles. Scale bar represents 50 µm.
When higher concentrations of Donepezil were used, no apparent difference in RGC
concentration was detectable, as images showed gaps between RGCs and deformed cells,
characteristic of a glaucomatous retina.

Quantification of the RGC analysis using Donepezil can be seen in Figure 11. Retinas
exposed to 10 µM Donepezil drops showed an average of 84.82% (N=2) RGC survival
compared to untreated controls, or a 5.64% difference compared to untreated eyes with
surgically induced glaucoma-like conditions. Therefore, treatment with Donepezil at this
concentration does suggest neuroprotective capabilities, though they may not be significant.
Larger N’s are needed to address this. Retinas exposed to 100 µM Donepezil drops showed
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72.98% (N=2) survival of normal RGCs, 6.20% less RGCs compared to eyes with surgically
induced glaucoma-like conditions that were not treated with any agent. Similarly, retinas
exposed to 1mM Donepezil eye drops were found to have just 72.88% (N=2) of total RGC
survival, a value 6.10% lower than retinas from eyes with only surgically induced glaucoma.
These values suggest that neither 100µM nor 1 mM Donepezil eye drop treatments have any
neuroprotective effect on RGCs. These concentrations may be toxic to the RGC layer or may
induce non-specific effects.

*

N=2
N=2
N=2
N=2

N=2

Figure 11
Effect of Donepezil on RGC survival. Each bar represents the percentage of total RGCs
compared to internal controls. The left two bars represent the difference between control
untreated retinas and retinas that had the procedure to induce glaucoma-like conditions. The
other bars were generated by comparison of RGC survival in glaucomatous retinas versus retinas
from the same animal that had eye drop treatments of Donepezil as well as the procedure to
induce glaucoma. Error bar represents standard error and the * represents significance from
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control untreated conditions. Only 2 Donepezil treated retinas were obtained for each
concentration. As a result, statistical analysis for the Donepezil treated retinas was not done.

Discussion
This study has indicated that the neuropharmalogical agents DMP-543 and Donepezil can
have neuroprotective properties to prevent RGC loss in glaucomatous conditions when 10 µM
was applied as eye drops. In the case of DMP-543, significant neuroprotection was evident with
10 µM eye drop concentration treatment bi-daily over the span of three weeks. RGC survival
increased over 100% compared to the average number of RGCs counted in untreated control
conditions. An average of 26.17% more RGCs were noticed in retinas treated with this agent
before and after surgery to induce glaucoma-like conditions when compared to eyes that were
only given hypertonic saline injections into the episcleral vein to induce glaucoma. Retinas
treated with 100 µM DMP-543 before and after surgery to induce glaucoma-like conditions
showed 7.9% more RGCs when compared to eyes only injected with NaCl, suggesting less
extensive neuroprotective effects at this concentration.
The neuroprotective results obtained from the use of 10 µM DMP-543 indicate the
effectiveness of the agent at these concentrations to accelerate acetylcholine release. In the
retina, this release occurs from starburst amacrine cells onto RGCs. DMP-543 works by blocking
potassium M-currents, which leads to lengthened depolarization of neural cells and heightened
Ca 2+ influx into the axon terminal, thus resulting in greater ACh release at the synaptic cleft
(Pesti et al., 2000). Acetylcholine has been shown to bind to α7AChRs on RGCs. Activation of
these receptors has been shown to have a neuroprotective effect from the loss of RGCs normally
associated with glaucoma (Iwamoto et al., 2014). As a result, an agent that causes ACh release
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from starburst amacrine cells should mimic or enhance neuroprotection. This hypothesis was
supported when 10 µM DMP-543 was applied to rat eyes.
However, the amount of RGC survival was considerably lower in the experimental eyes
when a higher concentration of DMP-543 was used. Treatment with 1mM Donepezil showed no
neuroprotective ability whatsoever, and its application even appeared to have toxic results. It is
possible that overstimulation of the α7AChRs with this agent causes excessive K+ M-current
blocking resulting in an inability for the neuron to return to a maintainable membrane potential,
leading to starburst amacrine cell Ca 2+ overload. Calcium overload at the axon terminal has long
been associated with neuron cell degradation and future inactivity. Calcium overload is known to
increase calcium dependent enzymes, which leads to higher concentrations of reactive oxygen
and nitrogen species, triggering cell death cascades (Prentice et al., 2015). If starburst amacrine
cells are degraded as a result of calcium overload, they will be unable to provide neuroprotective
ACh to RGCs and will not assist in the defense against RGC loss associated with glaucoma.
Further studies that quantify starburst amacrine cell counts in the retina using various
concentrations of DMP-543 would address this issue.
Donepezil also suggests neuroprotective capability at the lowest concentration used in this
study. Eyes treated with bi-daily drops of 10 µM donepezil for three weeks following the
glaucoma inducing procedure showed 5.64% more RGCs compared to eyes only undergoing
glaucoma-inducing surgery. However, 100 µM and 1 mM donepezil eye drops did not show any
degree of neuroprotection. Donepezil is believed to have neuroprotective capabilities because it
is an acetylcholinesterase inhibitor, shown to be effective in the pharmaceutical treatment of
Alzheimer’s disease. Acetylcholinesterases are innate enzyme responsible for the immediate
hydrolysis of ACh in the neuronal synaptic cleft, which limits the continual effect of ACh on
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nAChRs in various central and peripheral nervous systems, acting to end signal transmission
caused by these neurotransmitters (Colivic et al., 2013). Therefore, it appears that 10 µM
Donepezil eye drops may be effective in the inhibition of these enzymes, resulting in less
degradation of ACh released from starburst amacrine cells, allowing for an extended effect on
neuroprotective α7 nAChRs of RGCs. Further studies utilizing higher N values and even lower
Donepezil concentrations are needed to validate these findings.

These results suggest that manipulating ACh effects at the starburst amacrine cell to RGC
synapse may be an effective and non-invasive form of treating glaucoma. The current landscape
of glaucoma treatment revolves around reducing intraocular pressure (IOP) associated with
glaucoma instead of using cellular mechanisms to inhibit RGC degradation. Current treatments
use eye drop medications that work in the anterior portion of the eye to decrease aqueous humour
production or increase fluid drainage to reduce IOP. Also, surgical measure are often used to
drain aqueous humour, in the form of lasers that poke small holes in the trabecular meshwork,
reducing IOP. However, even these treatments alone have often done little to stop the
progression of RGC death associated with glaucoma (Mata et al., 2013). Using
neuropharmacological agents such as DMP-543 and Donepezil could result in alternate treatment
methods that focus on the cellular physiology of RGC death and mechanisms of RGC
neuroprotection. Alternatively, agents that effect ACh effectiveness at the amacrine cell to RGC
synapse could be used along with current treatments to prevent the loss of RGC and vision that
accompanies glaucoma patients. If effectiveness can be further verified in studies with larger Ns,
these agents have the opportunity to increase RGC vitality regardless of the severity of IOP
progression, and can potentially halt the apoptotic effect of glaucoma. More significant yet, are
the implications these findings may have on other neurodegenerative diseases that have not been
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investigated. ACh release, acetylcholinesterase inhibition and α7 nAChRs agonists have become
a chief concern for the treatment of these types of diseases including Alzheimer’s disease and
schizophrenia (Colovic et al., 2013; Hilmas et al.,2001). α7 nAChRs are prominent receptors
expressed on microglia, granule cells and even oligodendrocyte precursors (Kalkman et al.,
2016). If similar signaling pathways stemming from the activation of α7 nAChRs cause a
neuroprotective effect in these central nervous system cells, agents discussed in these findings
could have an exceptional role in cell protection on the basis of increasing ACh activation of
these receptors.

Future Application
Going forward, more extensive research should be conducted on DMP-543 10 µM and
100 µM eye drop concentrations, as well as 10 µM donepezil eye drop concentrations. Increasing
the number of animals used in these studies will be paramount to analyze any significant effect
of these agents. Since lower concentrations of both DMP-543 and Donepezil have shown the
most convincing effect on RGC neuroprotection in the adult Long Evans rat model, another
study should also be conducted testing eye drops of even lower concentration, like 1 µM or 5 µM
to determine the threshold concentration that will produce the greatest neuroprotective effect.

In addition, future studies could be directed at using primate in-vivo animal models,
whose physiology can be more accurately compared to that of human, to allow for more accurate
results in regards to effective human glaucoma treatment options. Beyond the scope of this
study, more research must be done to identify the presence of α7 nAChRs on all cells in the
central nervous system. If these receptors can be noted and their neuroprotective abilities further
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investigated, the implications of such findings could be astronomical for treatments in a number
of neurodegenerative diseases beyond glaucoma that involve activation of α7 nAChRs.
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